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grinding‐mixing	method	 and	 characterized	 using	 X‐ray	diffraction,	 transmission	 electron	micros‐
copy,	 N2	 adsorption‐desorption	 isotherms,	 temperature‐programmed	 reduction	 by	 H2,	 tempera‐
ture‐programmed	desorption	by	H2,	Raman	 spectroscopy,	 and	X‐ray	photoelectron	 spectroscopy.	




















coal	 to	 liquid	 fuels	 and	 light	 olefins	 [4].	 The	 CO	methanation	
reaction,	 the	 simplest	 Fischer‐Tropsch	 synthesis	 reaction,	 has	









Ru‐based	 catalysts,	 are	 excellent	 for	 CO	methanation,	 but	 be‐
cause	of	 their	high	cost,	 large‐scale	commercialization	and	 in‐
dustrialization	 have	 been	 restricted	 [14].	 Co‐based	 catalysts	







sition	 during	 the	 exothermic	 methanation	 reaction.	 Also,	 to	
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In	 this	work,	we	 focused	 our	 attention	 on	 the	 selection	 of	
different	supports	 for	Ni‐based	catalysts	with	 low	Ni	contents	
for	syngas	methanation.	A	series	of	NiO/MOx‐Al2O3	(M	=	Mg,	Si,	
and	 Zr)	 catalysts	 were	 prepared	 using	 a	 modified	 grind‐
ing‐mixing	method.	The	as‐synthesized	catalysts	were	charac‐
terized	 using	 X‐ray	 diffraction	 (XRD),	 transmission	 electron	
microscopy	 (TEM),	 N2	 adsorption‐desorption	 isotherms,	 tem‐
perature‐programmed	 reduction	 by	 H2	 (H2‐TPR),	 tempera‐
ture‐programmed	 desorption	 by	 H2	 (H2‐TPD),	 Raman	 spec‐





The	 catalysts	 were	 prepared	 using	 a	 modified	 grind‐
ing‐mixing	method.	First,	 an	 appropriate	amount	of	nickel	ni‐
trate	 hexahydrate	 was	 dissolved	 in	 nitric	 acid	 solution,	 fol‐
lowed	 by	 blending	 with	 an	 appropriate	 amount	 of	 pseu‐
do‐boehmite.	After	vigorously	stirring	for	1	h,	when	an	alumina	
gel	 formed,	 a	 given	 quantity	 of	 alumina	 powder	 was	 added.	
Then	 the	 catalyst	 precursor	 was	 intensively	 kneaded	 to	 pro‐
duce	a	paste,	extruded	to	3	mm	×	3	mm	cylinders,	dried	at	120	
°C	for	12	h,	and	calcined	in	air	at	500	°C	for	4	h.	MOx	(M	=	Mg,	Si,	
Zr)	was	 added	 simultaneously	with	pseudo‐boehmite	 to	 form	
NiO/MgO‐Al2O3,	NiO/SiO2‐Al2O3,	and	NiO/ZrO2‐Al2O3	catalysts.	 	
2.2.	 	 Catalytic	activity	tests	
The	 methanation	 reaction	 was	 carried	 out	 in	 a	 continu‐
ous‐flow	quartz	 fixed‐bed	 reactor	 at	 2.0	MPa	 in	 the	 tempera‐
ture	 range	 300–700	 °C.	 Typically,	 the	 catalyst	 (0.5	ml,	 20–60	
mesh)	 was	 diluted	 with	 ground	 quartz	 to	 prevent	 it	 from	





CO,	 25.0%	 N2,	 73.0%	 H2)	 with	 a	 gas	 hourly	 space	 velocity	
(GHSV)	of	5000	h−1.	H2,	CO,	CH4,	and	CO2	were	monitored	using	
a	GC	2060	gas	chromatograph.	Water	in	the	products	was	sep‐




moles of  reacted CO 
moles of  supplied CO
×100%	 	 	 	 	 (1)	
Selectivity	for	CH4	=
4moles of  CH  formed
moles of  CO reacted
×100%	 	 	 	 	 (2)	
2.3.	 	 Characterization	
Powder	 XRD	 patterns	 were	 recorded	 using	 an	 X’Pert	 Pro	
X‐ray	 diffractometer	 (PANalytical	 BV,	 The	 Netherlands)	 at	 a	
voltage	of	40	kV	and	a	current	of	30	mA,	with	Cu	Kα	radiation.	
The	 XRD	 patterns	were	 referenced	 to	 the	 powder	 diffraction	
files	(ICDD‐FDP	data	base)	for	the	identification	of	the	peaks.	
TEM	 was	 performed	 using	 a	 Tecnai	 F30	 high‐resolution	





were	degassed	under	vacuum	at	300	 °C	 for	3	h	 in	 a	 separate	
degassing	unit	attached	to	the	instrument.	The	specific	surface	
area	was	 calculated	 using	 the	 Brunauer‐Emmett‐Teller	 (BET)	




1	h	under	an	Ar	 flow	(30	ml/min).	After	cooling	 to	50	°C,	 the	
sample	was	exposed	 to	a	 flow	(40	ml/min)	of	5%	H2‐95%	Ar	
and	ramped	to	800	°C	at	a	heating	rate	of	10	°C/min.	The	efflu‐










10	ml/min.	 The	 desorbed	 products	were	monitored	 by	mass	
spectrometry.	
Raman	characterization	of	the	catalysts	was	carried	out	on	a	
LabRam	 I	 (Jobin‐Yvon)	 at	 room	 temperature.	 Spectra	 were	









Figure	 1	 shows	 the	 catalytic	 activities	 of	 the	 catalysts	
NiO/MOx‐Al2O3	in	terms	of	CO	conversion	and	CH4	selectivity.	It	
can	 be	 seen	 from	 Fig.	 1(a)	 that	 the	 CO	 conversions	 by	 the	




lyst	 significantly	 increases	 its	methanation	 activity,	 especially	
at	 low	 temperatures.	 The	 catalytic	 performances	 of	 the	
NiO/MOx‐Al2O3	catalysts	were	different,	depending	on	the	sec‐
ond	metal	oxide	(MOx)	added.	The	order	of	the	catalytic	activi‐
ties	 of	 the	 NiO/MOx‐Al2O3	 catalysts	 is	 NiO/MgO‐Al2O3	 >	
NiO/ZrO2‐Al2O3	 >	NiO/SiO2‐Al2O3	 >	NiO/Al2O3.	 At	 500	 °C,	 the	
CO	 conversion	 by	 NiO/MgO‐Al2O3	 reaches	 99.6%,	 which	 is	
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higher	 than	 those	 of	 NiO/ZrO2‐Al2O3	 (95.7%)	 and	






The	XRD	patterns	of	Al2O3	and	 the	Ni‐based	 catalysts	 sup‐
ported	on	Al2O3	reduced	at	400	°C	are	displayed	in	Fig.	2.	For	
Al2O3,	 the	 three	broad	diffraction	peaks	 of	 γ‐Al2O3	 are	 clearly	
present.	No	other	diffraction	peaks	arising	from	the	NiO/Al2O3,	
NiO/MgO‐Al2O3,	and	NiO/SiO2‐Al2O3	catalysts	are	seen,	 i.e.,	no	
clear	 characteristic	diffraction	peaks	 corresponding	 to	 free	Ni	
species	 are	 detected	 [16],	 indicating	 that	 NiO	 is	 highly	 dis‐
persed	on	the	surface	of	the	catalysts	and	small	grains	that	are	
below	 the	 detection	 limit	 of	 XRD	 measurements	 are	 formed	
[17,18].	 	









The	 N2	 adsorption‐desorption	 isotherms	 of	 different	
NiO/MOx‐Al2O3	 catalysts	 are	 shown	 in	 Fig.	 4.	 Clearly,	 all	 the	
isotherms	are	type	IV,	which	is	characteristic	of	a	mesoporous	










tivity	 for	 CO	 methanation	 in	 this	 system.	 It	 is	 the	 chemical	
properties,	 rather	 than	 the	 physical	 properties,	 that	 mainly	
determine	the	catalyst	performance.	 	
3.2.3.	 	 H2‐TPD	characterization	
Figure	 5	 shows	 the	 H2‐TPD	 profiles	 of	 the	 reduced	
NiO/MOx‐Al2O3	 catalysts.	 All	 the	 profiles	 show	 a	 very	 small	
hydrogen	desorption	peak	 in	 the	 temperature	range	150–350	
°C	and	a	broad	hydrogen	desorption	peak	 in	 the	 temperature	
range	400–700	°C,	which	can	be	ascribed	 to	dominant	hydro‐
gen	adsorption	at	active	sites	on	the	Ni	grain	surfaces.	The	in‐













































Fig.	1.	CO	 conversion	 (a)	 and	 CH4	 selectivity	 (b)	 over	NiO/MOx‐Al2O3
catalysts	as	a	 function	of	reaction	temperature.	Reaction	conditions:	2
MPa,	GHSV	=	5000	h−1. 
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Fig.	2.	XRD	patterns	of	reduced	Ni‐based	catalysts	and	Al2O3.	(1)	Al2O3;	
(2)	 NiO/Al2O3;	 (3)	 NiO/MgO‐Al2O3;	 (4)	 NiO/SiO2‐Al2O3;	 (5)	 NiO/ZrO2‐
Al2O3. 
(a)                                                 (b)                                                (c)                   (d)
 
Fig.	3.	TEM	images	of	different	NiO/MOx‐Al2O3	catalysts.	(a)	NiO/Al2O3;	(b)	NiO/MgO‐Al2O3;	(c)	NiO/SiO2‐Al2O3;	(d)	NiO/ZrO2‐Al2O3. 
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different,	but	 they	are	generally	high,	 and	 the	Ni	 loadings	are	




desorbed	hydrogen,	 corresponding	 to	 the	peak	area,	 depends	
on	 the	 second	metal	 oxide	 added	 and	 increases	 in	 the	 order	
NiO/Al2O3	 <	 NiO/SiO2‐Al2O3	 <	 NiO/ZrO2‐Al2O3	 <	 NiO/MgO‐	
Al2O3.	 The	 area	 of	 the	 H2‐TPD	 peak	 correlates	 well	 with	 the	
amount	of	active	Ni	species.	The	 larger	 the	peak	area	and	the	
larger	 the	amount	of	hydrogen	adsorbed,	 the	higher	 the	 cata‐




bon	 and	 oxygen	 species	 formed	 through	 CO	 dissociation	 are	
speedily	 converted	 to	 CH4	 and	CO2	 and	desquamate	 from	 the	
surface	 to	 provide	 adsorption	 centers	 for	 further	 CO	 adsorp‐
tion,	thereby	accelerating	CO	adsorption	[24,25].	An	increase	in	




H2‐TPR	 characterization	was	 conducted	 to	 understand	 the	
reducibilities	and	the	optimum	reduction	temperatures	for	the	
Ni‐based	 catalysts.	 All	 the	 H2‐TPR	 experiments	 ended	 at	 a	
temperature	of	800	°C,	as	shown	in	Fig.	6.	Two	reduction	peaks	
were	observed	in	the	H2‐TPR	profiles.	The	reduction	peaks	that	
appeared	 in	 the	 temperature	range	300–450	°C,	with	an	opti‐
mum	temperature	at	around	400	°C,	can	be	ascribed	partly	to	
NiO	and	partly	to	Ni2+	species	weakly	interacting	with	the	sup‐
port.	The	 reduction	peaks	observed	 in	 the	 temperature	range	
500–800	°C,	with	an	optimum	temperature	at	 around	700	 °C,	
probably	 correspond	 to	 the	 reduction	 of	 Ni2+	 in	 the	 NiAl2O4	
phase	[6,27–29]	or	to	Ni	interacting	strongly	with	the	support.	
This	NiAl2O4	spinel	phase	has	a	stable	structure	and	is	difficult	
to	 reduce	 to	 Ni0	 species	 at	 low	 temperatures.	 In	 general,	 the	
changes	in	the	optimum	reduction	temperature	reflect	the	ex‐
tent	 of	 interactions	 between	 the	 active	 component	 and	 the	
support.	 The	 temperature	 at	 which	 the	 first	 reduction	 peak	
appeared	 shifted	 downwards	 from	 402	 to	 378	 °C,	 suggesting	
that	the	reduction	of	NiO	to	Ni0	becomes	easier	after	Mg,	Si,	or	
Zr	addition,	and	the	active	Ni	component	in	the	NiO/Al2O3	cat‐
alyst	 has	 stronger	 interactions	with	 the	 support	 and	 is	more	
difficult	 to	 reduce	 compared	 with	 the	 other	 NiO/MOx‐Al2O3	
catalysts.	 	
The	 catalyst	 reduction	 ability	 is	 directly	 related	 to	 the	
amount	of	 free	nickel‐oxide	species.	For	NiO/Al2O3,	 there	may	
be	only	a	few	free	nickel‐oxide	species	in	the	catalyst.	However,	
NiO/MgO‐Al2O3	has	many	 free	nickel‐oxide	 species,	 and	 these	
make	reduction	of	 the	catalyst	easier	at	 low	temperatures.	As	
can	be	seen	from	Fig.	5,	the	intensities	of	the	peaks	arising	from	
NiO	 in	 NiO/MOx‐Al2O3	 are	 in	 the	 order	 NiO/MgO–Al2O3	 >	





































NiO/Al2O3	 192	 0.26	 4.6	
NiO/MgO‐Al2O3	 159	 0.25	 6.0	
NiO/SiO2‐Al2O3	 193	 0.30	 5.4	
NiO/ZrO2‐Al2O3	 186	 0.24	 4.6	
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NiO/ZrO2‐Al2O3	>	NiO/SiO2‐Al2O3	>	NiO/Al2O3.	This	 is	 in	good	
agreement	 with	 those	 obtained	 from	 Raman	 characterization	
(Fig.	7).	 	
3.2.5.	 	 Raman	spectra	
Figure	 7	 shows	 the	 Raman	 spectra	 for	 the	NiO/MOx‐Al2O3	
catalysts.	 It	 is	well	known	that	the	only	phase	of	alumina	that	
exhibits	Raman	bands	is	α‐Al2O3	[22].	In	our	present	work,	the	




















presented	 in	 Fig.	 8.	 Figure	 8(a)	 shows	 the	 existence	 of	 two	
types	of	Ni	species,	corresponding	to	the	main	peaks	at	around	
854	 and	 860	 eV.	 From	 the	H2‐TPR	 results,	 it	 can	 be	 inferred	
that	 there	might	 be	NiO	 and	NiAl2O4	 on	 the	 catalyst	 surfaces	
[27].	The	former	is	characterized	by	weak	interactions	with	the	
support	 [33].	 The	 latter	 may	 be	 NiAl2O4	 or	 Ni2+,	 which	 are	





down	 by	 the	 largest	 extent,	 followed	 by	 NiO/ZrO2‐Al2O3	 and	
NiO/SiO2‐Al2O3.	This	implies	that	when	another	metal	oxide	is	












lyst,	 the	 Ni–Al	 interactions	 are	 significantly	 weakened	 and	










































































































复合氧化物载体对镍基催化剂上 CO 甲烷化反应性能的影响 
张  罕a, 董云芸b, 方维平b,*, 连奕新b,# 
a厦门大学化学化工学院化学工程与生物工程系, 福建厦门 361005 
b厦门大学化学化工学院化学系, 醇醚酯化工清洁生产国家工程实验室, 福建厦门 361005 
 
摘要: 采用改良的粉末混合法制备了系列经过其它金属氧化物改性的 NiO/Al2O3 催化剂, 并运用 X 射线衍射、透射电子显微镜、
N2 低温物理吸附-脱附、程序升温还原、程序升温脱附、拉曼以及 X 射线光电子能谱对催化剂进行了表征. 结果显示, 在 300~700 
oC 
经 MgO 修饰的 NiO/Al2O3 催化剂上 CO 甲烷化反应活性比 NiO/ZrO2-Al2O3 和 NiO/SiO2-Al2O3 的高. 另一金属氧化物的加入削弱了 
NiO/Al2O3 催化剂中 Ni-Al 间相互作用, 形成更多的活性 Ni 物种, 从而促进了反应的进行.  
关键词: 一氧化碳; 甲烷化; 镍基催化剂; 合成气; 复合氧化物载体 
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